Introduction
Main and tail rotors of conventional helicopters contribute to the generation of near-field and far-field noise [1] . Engine and fuselage noise are typically of secondary significance.
A helicopter main rotor generates primarily tonal and broadband noise. Tonal noise can be described as sum of two components: thickness and loading noise described by linear aerodynamic theory. The reason of thickness noise is the displacement of the fluid by the rotor blade and has a strong in-plane (rotor disk plane) contribution directed towards the flight direction. The term "loading noise" is usually a reference to the harmonic noise from non-impulsive loading sources. Loading noise is caused by the accelerating force generated by the moving blade surface. Basic loading noise during hover is generally dominant in a conical region directed 30 to 40 degrees downward from the rotor plane [2] . Thickness noise and loading noise are described by linear aerodynamic theory based on the Ffowcs Williams -Hawkings (FW-H) equation [2 -4] .
Additional sources, include Blade Vortex Interaction (BVI) noise and High Speed Impulsive (HSI) noise, and are dominant at specific flight regimes.
HSI noise is a particularly intense and is generated by helicopter rotors in high-speed forward flight. This HSI noise is closely associated with the appearance of shocks and transonic flow around the advancing rotor blades. Including the quadrupole sources in the FW-H equation [2] leads to account of nonlinearities in vicinity of the rotor blade. According to estimations (see, for example, [5] ) omission of the quadrupole sources in the FW-H equation leads to inaccurate results for tip Mach numbers higher than 0.7.
Prediction of noise generation and propagation for aircraft design and certification falls in the area of Computational Aeroacoustics (CAA). CAA aims to combine flow data obtained by Computational Fluid Dynamics (CFD) for a nearfield area within a region near the aircraft surface. The sound perceived by a farfield observer is determined solving the wave propagation equation.
In the present work a task of design and validation of an in-house program on numerical solution of the FW-H equation is considered for a main rotor hover mode (unlike paper [6] that is based on a semi-analytical approach). The main rotor of UH-1H helicopter is considered as a test case for hover mode. Sound pressure level is estimated for different observation angles.
CFD data of the near field flow are obtained using the in-house HMB (University of Glasgow) code. In addition, results with the commercial ANSYS Fluent 13.0 code are obtained and the two data sets are compared. Farfield (thickness and load) noise obtained with an inhouse FW-H solver (compatible with the HMB code) are compared to experimental data [7] for a remote observer position located at the rotor disc plane. For arbitrary observation angle the results of the in-house FW-H solver are compared to the data obtained with the FW-H method in Fluent.
CFD Modelling
The geometry of the rotor is presented in table 1. Since temporal and spatial periodicity is assumed for the flow, the computational grid was constructed for a single rotor blade (with appropriate periodic boundary conditions). For the two-bladed rotor at hand, the computational domain is a half of a cylinder. The multi-block topology used in this paper, can be seen in Figure 1 . C-type blocking is used around the blade. The structured and multi-block computational grid consisted of 88 blocks and 8.4 million cells. Along the aerofoil surface 218 points are located with concentration near the leading and trailing edges. Normal to the surface the first cell size is 10 -5 of the blade's chord length and the cell ratio is less than 1.2. The multi-block topology used in this paper, can be seen in Figure 1 . The flow fields around the UH-1H helicopter rotor in hover were numerically simulated by solving 3D steady Reynolds-Averaged Navier-Stokes (RANS) equations.
Similar boundary conditions with some discrepancy at the bottom part of a modeling domain were used for the HMB and Fluent solvers.
For HMB the "source-sink" boundary conditions [8] were used at all surfaces of the computational domain apart from the symmetry plane. The "periodic" boundary condition provides the periodicity of the flow around the blade. Using the "inflow-outflow" boundary conditions allows for a reduction of the computational domain size. The inflow (W in ) and outflow (W out ) velocities were obtained from momentum theory according to the expressions:
Here U is the speed of the blade tip; C T is the thrust coefficient; d=2.5R is the distance between the rotor centre and the top surface of the computational domain. The thrust coefficient (C T ) is determined by the expression:
where q tip is the dynamic pressure at the blade tip and ܶ is the rotor thrust, obtained after computation in iteration process. The rotor thrust coefficient C TW (under the condition T=W) is first used as an initial guess and then the thrust coefficient value C T is recomputed using successive approximations.
For the bottom part of computational domain the «pressure-outlet» boundary condition was assigned.
Simulations were conducted with the k-Z SST turbulence model. The flow conditions, and the values of the trust coefficient obtained with HMB and Fluent are presented in Table 2 . The collective pitch angle ș 0.75 at the distance r=0.75R was choosen according to an approximate trimming method [9] . The values W in used for computations in both HMB and Fluent are shown in table 2. Some discrepancy between HMB and Fluent results (including difference between W in ) can be explained, by the different type of boundary conditions at the bottom part of the computational domain. Some distributed performances of flow around the rotor blades are presented in Figures 2 -4 . Figure 2 presents visualisation of the tip vortices structure using Q criterion iso-surface based on the HMB code results. From Figures 3 and 4 it follows that for the considered flow conditions around the UH-1H rotor blades the compressibility effect has significant influence on the flow parameters (and on the aeroacoustic emission power) close to the tip of blade (‫ݎ‬ҧ > 0.85) only. The geometry of the rotor blade, the surface pressure distribution and the condition of the flow are used as initial data for integration of the sound propagation FW-H equation.
FW-H equations
A widely used method for predicting the aerodynamically generated rotor noise is based on the Ffowcs WilliamsHawkings equation [3] . Implementation of the FW-H equation to CFD methods is usually based on integral formulation of the FW-H equation. The FW-H equation integral formulation includes several terms, including the thickness, load and quadrupole terms. In the present work the linear formulation of task is considered (quadrupole term, corresponding to the HIS noise is neglected).
The far field retarded-time formulation by Farassat [2] for the sound pressure is commonly referred as:
Here a 0 is sound speed; f = 0 is a function that describes the blade surface; ߩ is the density of medium; v n is the local normal velocity of source surface; M r = ‫ܯ‬ ‫ݎ‬Ƹ is the source Mach number in radiation direction; r is the distance between observer and source, r = |x -y|, x is the observer position vector, with components x i , y is the source position vector, with components y i ; p' = p -p 0 is the acoustic pressure, p 0 is the pressure of the medium, p is the surface pressure; l i are the components of the local pressure force intensity, l r = l i ‫ݎ‬Ƹ . The subscript ret denotes the retarded time and the integration is performed over the actual blade surface f = 0. For a moving surface the retarded time W is determined by the expression |x -y(K,W)| = a 0 (t -W), where t and W are the observer and the source time, and K is the Lagrangian variable of a moving surface point.
Following the Farassat 1A formulation, the expression (1) can be rewritten in the form [2] :
is the thickness noise, and
is the load noise. In these equations ሺɅሻ ൌ ή ො ( is a normal to emission surface), a dot over a variable implies the source time derivative.
As it was mentioned above the considered mathematical model of expressions (2) - (4), corresponds to the classical impermeable formulation of FW-H equations: the source surface f = 0 in this case corresponds to the blade surface. This mathematical model for the high blade tip Mach numbers usually gives under predicted values of the noise level. Nevertheless the classical FW-H formulation was used in the resent publications for relatively low blade tip Mach numbers values (see reference [10] , for example). Then the acoustic pressure (based on the Formulation 1A) can be modified with the empirical adjustment, based on the radiation Mach number.
As the rotor blade behavior is characterized by complex motion in the computer program it is assumed that the blade is the rotating not deformed rigid body.
The employed algorithm is similar to the algorithm, described, for example, in [2] . The first stage of FWH solution algorithm is envisaged dividing the rotor blade surface into a number of panels. Integration over each panel is approximated using the value at the center.
Rotation matrices and an angular velocity vector are used to describe the blade rotation and the effects of pitch, cone and rotor disc tilt angles. Positions and velocities of points are determined in a blade-fixed stationary frame by combining the matrices/vectors with rigid body surface relations for rotating reference frames.
The summed effect of all the panels at the observer location gives the acoustic pressure time history. Described algorithm was implemented to the in-house HRS (Helicopter Rotor Sound) solver. Figure 5 presents the results of numerical simulation for an observer located at the rotor disc plane on the distance of 3R from rotor. From the comparison the total noise signatures predicted by the Fluent and HRS codes for an observer located in the rotor plane a good agreement is seen.
The results of numerical simulation were compared also to the experimental data. Time observation shown in Figure 6 is 0.002 sec for the rotation period of 0.0241 sec. Presented comparison of the Sound Pressure Level (SPL) predicted in the HRS solver corresponds to the SPL predicted in the Fluent code. It can be noted also a discrepancy between the experimental data and predicted by both (Fluent and HRS) solvers. This discrepancy is typical (see, for example, reference [2] ) for accepted in the present work formulation of aeroacoustic task without taking into account the quadrupole term in FW-H equation.
Figures 7, 8 present the total noise predicted in Fluent and HRS codes for the observers located out of the rotor plane. Reference [7] presents for hover mode results for the in-plane observer only. For arbitrary observation angle the HRS solver results are compared to the data obtained with the FW-H method in Fluent. One can in general conclude that the results of numerical simulation of the UH-1H rotor in hover with HRS (HMB) codes are in good agreement to results of numerical simulation with the ANSYS Fluent code. Some discrepancy between the results of both solvers can be explained, in particular, by the presence of the discrepancy between predicted aerodynamical loads on the rotor blades.
Conclusions and future work
Validation of the in-house HRS code for the FW-H (Ffowcs Williams -Hawkings) numerical solution was considered. The total rotor noise was considered as the sum of the thickness and load noise based on linear formulation of aeroacoustics. To determine the nearfield flow parameters for the UH-1H rotor in hover mode, the HMB and Fluent CFD codes are used. The aeroacoustic FW-H option of the Fluent code was used also to determine the SPL (Sound Pressure Level) for comparison to HRS results at arbitrary observation angles. The results of aeroacoustic numerical simulation of the UH-1H rotor in hover with HRS (HMB) codes are in good agreement to the Fluent results. Discrepancy to the experimental data for the both solvers is explained by the linear formulation of the considered task (without the quadrupole term for the high speed noise).
In the future, the in-house HRS program for the rotor aeroacoustics will be revised for high blade tip Mach numbers.
